The simultaneous existence of alternative oxidases and uncoupling proteins in plants has raised the question as to why plants need two energy-dissipating systems with apparently similar physiological functions. A probably complete plant uncoupling protein gene family is described and the expression profiles of this family compared with the multigene family of alternative oxidases in Arabidopsis thaliana and sugarcane (Saccharum sp.) employed as dicot and monocot models, respectively. In total, six uncoupling protein genes, AtPUMP1-6, were recognized within the Arabidopsis genome and five (SsPUMP1-5) in a sugarcane EST database. The recombinant AtPUMP5 protein displayed similar biochemical properties as AtPUMP1. Sugarcane possessed four Arabidopsis AOx1-type orthologues (SsAOx1a-1d ); no sugarcane orthologue corresponding to Arabidopsis AOx2-type genes was identified. Phylogenetic and expression analyses suggested that AtAOx1d does not belong to the AOx1-type family but forms a new (AOx3-type) family. Tissue-enriched expression profiling revealed that uncoupling protein genes were expressed more ubiquitously than the alternative oxidase genes. Distinct expression patterns among gene family members were observed between monocots and dicots and during chilling stress. These findings suggest that the members of each energydissipating system are subject to different cell or tissue/organ transcriptional regulation. As a result, plants may respond more flexibly to adverse biotic and abiotic conditions, in which oxidative stress is involved.
Introduction
In recent years, several groups have asked why plants possess two energy-dissipating systems, an uncoupling protein (UCP, also termed PUMP in plants) and an alternative oxidase (AOx), in their mitochondria. The proton electrochemical gradient energy-dissipating pathway involving PUMP and the redox energy-dissipating pathway involving AOx lead to the same final effect, i.e. a decrease in the efficiency of oxidative phosphorylation and an increase in heat production. Both systems play a role in protecting plant cells against oxidative stress. PUMPs are probably involved in optimizing the mitochondrial proton electrochemical potential (Dl H +) across the inner mitochondrial membrane, while AOx appears to function predominantly in thermogenic processes (Meeuse, 1975; Day et al., 1980; Borecký et al., 2001a) . Both systems are present simultaneously in the mitochondria of green tomato fruit , thus raising the question of a specific physiological role for each of them and of a possible functional link between them (shared regulation). The systems do not appear to work at their maximal rates simultaneously, since increasing concentrations of free fatty acids (FFA) block the activity of AOx (K i ;4 lM) while activating PUMP (K m ;10 lM; Sluse and Jarmuszkiewicz, 2000) . Thus, FFAs could function as switching agents between the energy-dissipating systems. Studies of AOx and PUMP expression and of their activities during the ripening of tomato Almeida et al., 2002) or mango fruit (Considine et al., 2001) have shown that AOx and PUMP may work sequentially.
To date, the properties and physiological roles of two isoforms of PUMP and four isoforms of two types of AOx have been studied. Vercesi et al. (1995) discovered a plant counterpart of mammalian uncoupling protein (primarily UCP, now UCP1; Ricquier and Kader, 1976) in potato and named it plant uncoupling mitochondrial protein (PUMP). Its biochemical and physiological properties are similar to those of UCP1 Ježek et al., 1996 Ježek et al., , 1997 Ježek and Garlid, 1998; Kowaltowski et al., 1998; Sluse et al., 1998; Vercesi et al., 1997 Vercesi et al., , 1998 Almeida et al., 1999; Costa et al., 1999; Nantes et al., 1999) . From 1997 to 1999, four additional animal UCPs and a second PUMP were identified (UCP2, Fleury et al., 1997; UCP3, Boss et al., 1997; UCP4, Mao et al., 1999 ; BMCP1/UCP5, Sanchis et al., 1998; plant AtUCP2, Watanabe et al., 1999) . Recently, a comprehensive review on these members of UCP was reported by Ledesma et al. (2002) .
The finding of uncoupling proteins in plants raised the question of their physiological role, originally considered to be solely heat production in non-shivering thermogenesis in hibernating mammals. Recent hypotheses favour a more general role, the regulation of energy metabolism in mitochondria (Ježek and Garlid, 1998; Skulachev, 1998; Ricquier and Bouillaud, 2000) in order to avoid an extremely high Dl H +, which can lead to the excessive production of reactive oxygen species (ROS; Skulachev, 1998; Brandalise et al., 2003a; Considine et al., 2003) .
In chilling-sensitive plants, such as sugarcane (Saccharum sp.; Tai and Lentini, 1998) , oxidative stress is a major component in the chilling response (Pinhero et al., 1997) . ROS, i.e. hydrogen peroxide, superoxide, and hydroxyl radicals, can react with DNA, lipids, and proteins, to cause severe cellular damage (Sato et al., 2001) . Since mitochondria represent one of the major sources of ROS during cold stress, PUMP and AOx may serve to prevent ROS production in this organelle Maxwell et al., 1999) .
In plants, two discrete gene families encoding alternative oxidases were described (for a review, see Considine et al., 2002) . The genes of the AOx1 type family seem to be induced by different types of stress and are present in both monocot and dicot plants. The genes of the AOx2 type family are usually expressed in a constitutive or developmental manner in dicots, but are absent in all monocots examined to date (Considine et al., 2002) . This molecular distinction suggests a divergence in AOx across plant families and may even have implications for its physiological role in different plant species.
New attempts to determine the physiological role of PUMP and AOx isoforms in plants have focused on their gene regulation (Ito et al., 2003; Clifton et al., 2005; Dojcinovic et al., 2005) . In Arabidopsis, five genes encoding AOx (Considine et al., 2002) and two genes encoding PUMP Watanabe et al., 1999) have been identified. A sequence encoding another putative PUMP was also found in the Arabidopsis genome (Hanák and Ježek, 2001) . In this report, a probably complete gene family of uncoupling proteins in plants, which consists of up to six members, PUMP1-6, identified in the genome of the dicotyledonous Arabidopsis thaliana or in a database of 237 954 ESTs of monocotyledonous sugarcane (Vettore et al., 2003) is described and characterized. One of the new Arabidopsis PUMP genes, AtPUMP5, was expressed in E. coli and the recombinant protein was reconstituted into proteoliposomes. Similarly to AtPUMP1, this recombinant AtPUMP5 induced linoleic acid-mediated H + flux that was sensitive to ATP and GTP. Furthermore, four members of the AOx1 gene family in sugarcane were also identified. One of the Arabidopsis AOx genes (AtAOx1d) was found to belong not to the AOx1 gene family but to a third AOx gene family, called the AOx3 family. The divergences in expression profiles of PUMPs and AOxs in specific tissues/organs and during chilling-induced stress suggest that each PUMP and AOx isoform can have a specific physiological role. The regulation of gene expression of PUMPs and AOxs is discussed.
Materials and methods
Plant growth and chilling stress treatment Sugarcane plantlets (Saccharum sp. cv. SP80-3280), propagated axenically in vitro (Nogueira et al., 2003) , were kept at 26 8C on a 16/ 8 h day/night cycle with a photon flux density of 70 lE m ÿ2 s ÿ1 . Four-week-old plantlets were transferred to 4 8C under the same photoperiod conditions. Control plantlets were maintained at 26 8C. The leaves of control and chilling-treated plantlets were harvested after 0, 6, 12, 24, and 48 h of treatment (six plantlets per time point). The expression pattern of the SsPUMP and SsAOx genes in leaves, roots, and stem, was examined using 1-month-old sugarcane plantlets (Saccharum sp. cv. SP80-3280) cultivated in a greenhouse. Flowers were obtained from sugarcane plants (Saccharum sp. cultivar SP80-87432) grown at the Copersucar experimental station (http:// www.ctc.com.br).
Seeds of Arabidopsis thaliana ecotype Columbia (Col-0) were surface-sterilized and transferred to Petri dishes containing MS medium (Murashige and Skoog, 1962) . The seedlings were transferred to fresh MS medium every week and maintained in a growth chamber at 22 8C on a 16/8 h day/night cycle with a photon flux density of 70 lE m ÿ2 s ÿ1 . Twenty-one-day-old seedlings were incubated either at 4 8C or at room temperature (22 8C) and the above-ground organs were harvested after 0, 3, 6, 12, 24, and 48 h of treatment (60 seedlings per time point). To analyse the expression profiles of AtPUMPs and AtAOxs in different plant organs, seeds were germinated under controlled environment conditions: 70 lE m ÿ2 s ÿ1 , day/night temperature of 22 8C, and a photoperiod of 16/8 h day/night. Leaf, flower, and root samples were obtained from 10-week-old plants.
Identification and in silico analysis of sequences encoding sugarcane and Arabidopsis PUMPs and AOxs
The Arabidopsis thaliana genome database (TIGR, http://www. tigr.org/tdb/ath1/htmls/ index.html) was analysed to find sequences homologous to UCP/PUMP or AOx using the tBLASTn algorithm (Altschul et al., 1997) and UCP1-5, AtPUMP1-2, AtAOx1a-1c, and AtAOx2 as drivers. The same approach, including the novel Arabidopsis homologues, was used to identify SAS (sugarcane assembled sequences; http://sucest.lad.ic.unicamp.br/public; Vettore et al., 2003) sharing similarities to PUMPs and AOxs. Sugarcane PUMP and AOx sequences were also identified by keyword searches using a provisional functional assignment generated by automated annotation, and the resulting hits were validated against existing homologues in public databases (NCBI, http://www.ncbi.nlm.nih.gov).
To obtain the full-length cDNA sequences that represented both sugarcane PUMP and AOx genes, the longest EST of each identified SAS was resequenced using an ABI PRISM 3700 DNA sequencer and sequence data were analysed using the PHRED-PHRAP package (http://www.phrap.org/).
The full-length cDNAs representing the AtPUMP and AtAOx genes were obtained by RT-PCR, using clone-specific forward and reverse (in parentheses) primers for each gene: AtPUMP1, 59-GCTTTA-GCCGTAATCGTCG-39 (59-GTTGCTCTCATTCCCTCTGC-39), AtPUMP2, 59-CAATGGCGGATTTCAAAC-39 (59-CTAGGGATC-TGAGAATCAATCG-39), AtPUMP3, 59-ATGGAGCGGAGCCG-AGTG-39 (59-CGCGTTAATCAGAAACTGATGC-39), AtPUMP4, 59-ATGGGAGTCAAAAGTTTCG-39 (59-TCAAAAATCTCGAA-GCAGC-39), AtPUMP5, 59-CCAGTGAGATCAGCTCCAATTC-39 (59-CGCCACCATCATTCATCTTC-39), AtPUMP6, 59-TGTCTT-CTTCCATTCCAAC-39 (59-TGAAGAAATATGGGAATCTC-39), AtAOx1a, 59-ATGATGATAACTCGCGGTGGAGC-39 (59-GCAA-CATTCAAAGAAAGCCGAATC-39), AtAOx1b, 59-ATGATGATG-AGTCGTCGCTATG-39 (59-CCCATTAAAGCCCATTTAGG-39), AtAOx1c, 59-CAAATCTCCCTTGAATCCG-39 (59-GCTCTTCTG-ATTCAGTGATATCC-39), AtAOx1d, 59-CCCAACTGTTGTTACT-CATG-39 (59-CACAGCTTTGTGACTTTGTC-39), and AtAOx2, 59-ATGGGTATGAGTTCTGCATCG-39 (59-TTAGTGATAACCAA-TCGGAGCTG-39). Reverse transcription was done on 5 lg of total RNA extracted from Arabidopsis seedlings using Superscript II RNase H ÿ reverse transcriptase (Invitrogen, USA) under the recommended conditions. PCR was then done using the following conditions: 94 8C for 3 min and 35 cycles of 94 8C for 1 min, 52-60 8C for 45 s, and 72 8C for 1 min 30 s. The single PCR products were isolated from agarose gels using ConcertÔ rapid gel extraction system (Invitrogen, USA), then cloned into the pGEM-T EASY vector (Promega, USA) and resequenced.
The amino acid sequences deduced from the cDNAs of the PUMP candidates mined in the databases were initially aligned with the corresponding protein sequences of all known UCPs/PUMPs using the CLUSTALX program (weight matrix Gonnet 250; Thompson et al., 1997) . The aligned sequences were grouped and subsequently aligned with 80 sequences representative of known UCPs/PUMPs, together with malate/2-oxoglutarate carriers (M2OMs) and the dicarboxylate carriers (DICs), as the phylogenetically closest members of the mitochondrial anion carrier family (MACF). To validate further the identified gene sequences, phylogenetic trees (1000 bootstraps) were inferred using the MEGA2 program (Kumar et al., 2001) . Sequences from the following list (accession numbers in parentheses) were used for the alignment and phylogenetic analyses: ODC1_YEAST (Q03028), ODC2_YEAST (Q99297),
, and LeAOxPlastid (AAG02286).
Digital mRNA expression profiling
The digital expression profiling of the SsPUMP and SsAOx transcripts among sugarcane tissues was analysed as an estimate of their relative abundance calculated as a count of the number of ESTs in the given library pool normalized by the total number of ESTs in each SUCEST library pool (pooled from 25 different EST libraries prepared from mRNA isolated from different tissues (Vettore et al., 2003) . The Arabidopsis ESTs were retrieved from libraries described in the Arabidopsis Gene Index database at The Institute for Genomic Research (TIGR; http://www.tigr.org/tdb/tgi/agi). Libraries containing more than 9000 ESTs and completely described for tissues or organs were used to further digital mRNA expression profiling analysis. All subtractive libraries were removed from the analysis and selected non-normalized EST libraries were pooled into five library pools. The library pools are listed (total number of ESTs from each pool in parentheses): A, above-ground organs (12 985); R, roots (17 573); F, floral organs (9120); G, green siliques (12 589); and S, seeds (10 800). The sequences representing AtPUMP and AtAOx transcripts were used as drivers against TIGR Arabidopsis gene index and corresponding tentative consensus (TC) sequences (227 742 TCs as of 24 April, 2003; Quackenbush et al., 2000) were analysed in order to estimate the relative abundance of each gene in the selected library pools.
Nuclear-encoded subunits of ATP-synthase (subunit c, accession D88374 or CA121698) and two respiratory chain representatives, Complex I (51 kDa subunit, accession NM_120938 or CA093348) and Complex IV (subunit Vb, accession NM_112434 or CA129721) were included in the analysis as mitochondrial nuclear gene controls.
RNA gel-blot analysis
Total RNA was isolated from chilling-treated and untreated sugarcane and Arabidopsis tissues using Trizol reagent (GibcoBRL, USA) according to the manufacturer's instructions. Twenty micrograms of total RNA were electrophoresed in a 1% (w/v) agarose gel containing formaldehyde and transferred to a Hybond-N + filter (Amersham Pharmacia Biotech, USA), as described by Sambrook et al. (1989) . The filters were hybridized with full-length cDNA fragments of SsPUMPs, SsAOxs, AtPUMPs, and AtAOxs labelled with a-32 P dCTP. Hybridization was done at 42 8C for 16 h (Sambrook et al., 1989) . The blots were then washed at high stringency and exposed to imaging plates. Digitalized images of the RNA-blot hybridization signals were analysed using the Image Gauge software (Fujifilm, Japan).
Semi-quantitative RT-PCR
Semi-quantitative RT-PCR was used to detect the accumulation of AtPUMP4, AtPUMP5, AtAOx1b, and AtAOx1d transcripts. cDNA was synthesized from 500 ng (AtAOx1b-1d and AtPUMP5) and 1 lg (AtPUMP4) of total RNA from leaves, flowers, and roots using Superscript II RNase H ÿ RT (Invitrogen, USA). Primers for the constitutive gene encoding adenine phosphoribosyltransferase (APRT, Moffatt et al., 1994) were used as an internal control to normalize the quantity of total RNA used in each sample. The PCR was done with a 12.5-fold dilution of the first-strand cDNA as a template under the following conditions: 94 8C for 3 min and 27 cycles of 94 8C for 1 min, 52-60 8C for 45 s, and 72 8C for 1 min 30 s. The experiment was repeated twice. Amplified fragments were electrophoresed in 1% (w/v) agarose gels and visualized by ethidium bromide staining.
Expression, isolation and reconstitution of recombinant AtPUMP5, and fluorescent monitoring of H + fluxes in proteoliposomes AtPUMP5 was expressed in Escherichia coli and isolated according to Borecký et al. (2001b (Orosz and Garlid, 1993) . Vesicles (30 ll; 1.23 mg lipids) were added to 1.5 ml of external medium [EM; 28.8 mM TEA-TES (9.2 mM TES ÿ ), pH 7.2, 84.4 mM K 2 SO 4 , and 0.6 mM TEA-EGTA]. Fatty acids were added after 20 s and the H + efflux was initiated by 1.3 lM valinomycin 10 s later. The fluorescence was calibrated to [H + ] by the addition of 1 M KOH aliquots in the presence of 1.5 lM nigericin to proteoliposomes suspended in IM. Fluorescent data were converted into 'H + traces' by fitting with modified Stern-Volmer equation
where F is the experimental and F 0 the unquenched fluorescence. Parameters K q (quenching constant) and L (background, mostly light scattering) were obtained by linear regression of F versus (F 0 -F)/ [KOH] plot. Initial rates of H + efflux were derived from 'H + traces', multiplied by the internal proteoliposome volume (V, estimated from volume distribution of the SPQ; Garlid et al., 1996) , and corrected for lipid content to yield final rates in nmol H + s ÿ1 mg ÿ1 lipid.
Results

PUMP gene family
Homology-based searches (tBLASTn algorithm; E-value <10 ÿ40 ) in the Arabidopsis genome database yielded 21 genomic sequences (BAC, TAC, and PL clones) comprising PUMP-like ORFs. Alignment of the protein sequences deduced from these clones with known UCPs and PUMPs, together with M2OMs and DICs, led to the identification of six Arabidopsis genes highly similar to known UCPs/ PUMPs (Fig. 1) . Using the same search that included all the six Arabidopsis sequences as drivers, an additional 28 PUMP-like sugarcane sequences representing EST clusters produced by the assembly of 237 954 ESTs, which were referred to SASs (Vettore et al., 2003) , were identified. Alignment of all of these SASs resulted in the identification of five non-redundant sequences containing ORFs highly similar to known UCPs/PUMPs (Fig. 1) . The phylogenetic analysis of the six Arabidopsis and five sugarcane PUMPs along with the UCPs/PUMPs plus M2OM and DIC representatives revealed a complex group that consisted exclusively of uncoupling proteins of all types ( Fig. 2A , groups I-VI), distinct from the branch containing M2OMs and DICs ( Fig. 2A, group VII) .
The novel putative PUMP genes identified within the Arabidopsis genome are summarized in Table 1 . AtPUMP1 and AtPUMP2 (AtUCP2) were characterized previously Watanabe et al., 1999) . The sequence of AtPUMP3 was previously submitted to GenBank as a 'putative mitochondrial uncoupling protein'. The sequences representing AtPUMP4-6 were identified for the first time in this work. Mapping of these AtPUMPs revealed that each gene is located on a different chromosome, except for AtPUMP2 and AtPUMP6, which are on the opposite ends of chromosome 5 (Table 1 ). Figure 3A illustrates the genomic structure of PUMP genes in the Arabidopsis genome. Intron/exon composition of AtPUMP1 and At-PUMP2 were almost identical, with only first exon and first and sixth introns differing in their size . Genomic structures of AtPUMP3 and AtPUMP6 were also very similar, whereas AtPUMP4 was similar to AtPUMP5.
The five putative sugarcane PUMP orthologues identified in this work were denominated SsPUMP1-5 (Saccharum sp. PUMP1-5; Table 2 ). Comparison of the protein sequences of SsPUMPs with PUMPs from other plants revealed a new specific insertion of four alanines in the proximity of the first ETPS (underlined in Fig. 1 ), which may represent a putative monocotyledonous PUMPspecific motif. This motif is also present in the maize PUMP recently identified in our laboratory (Brandalise et al., 2003b) . A similar alanine-rich region was also found in PUMPs from wheat (Murayama and Handa, 2000) and rice (Watanabe and Hirai, 2002) . This motif is not present in PUMPs from dicotyledonous plants (Fig. 1) . In addition to the PUMP sequences identified in sugarcane, a gene encoding a putative malate/2-oxoglutarate carrier was also detected (named here as SsM2OM), and was, along with other M2OM proteins, phylogenetically much closer to known M2OMs than PUMP4-6 ( Fig. 2A) .
All members of the MACF possess the ETPS . The known uncoupling proteins have three copies of this signature, while other MACF members possess only one or two copies (Table 3 ). The three copies of the ETPS signature found in all of the new PUMPs displayed specific variants for the PUMPs already identified , while the M2OM sequences lacked the second signature copy (Table 3) . The novel PUMP members were also screened for the presence of four UCPspecific signatures proposed by Ježek and Urbánková (2000) . PUMP3 from both Arabidopsis and sugarcane showed all three signatures with the exception of one substitution (a non-polar amino acid for Tyr) in the middle of the second signature (Table 3 ). PUMP4-6 differed slightly; they lacked the negatively charged amino acid (Asp or Glu) in the middle of the first signature and had Gly at this position, and the terminal hydrophobic amino acid (Phe, Leu, or Ile) was substituted for His (Table 3 ). In the second signature, there were three substitutions of a nonpolar amino acid for Thr (positions 1, 6, and 11). In the third signature, a negatively charged amino acid was substituted for Gln (position 13) and the first Pro was changed to Leu ( Table 3 ). All of the new PUMPs had a complete fourth signature, found in all UCPs/PUMPs but UCP5 (Ježek and Urbánková, 2000) . Moreover, the MEME-MAST prediction of additional motifs revealed an M2OM/DIC-specific motif
[NRQ]K located at the C-end of the molecule. This motif was not detected in any of the already known or new UCPs/PUMPs.
Because the AtPUMP5 gene was highly expressed in all organs/tissues tested, as well as in response to chilling stress (described below), its protein product was biochemically characterized. AtPUMP5 was expressed in E. coli, solubilized from inclusion bodies and reconstituted in proteoliposomes. AtPUMP5 mediated H + flux that exceeded the basal H + flux in liposomes without the recombinant protein and that was activated by linoleic acid (K m =45 lM, V max =1.4 mmol H + s ÿ1 mg ÿ1 lipid; Fig. 4A ) with similar affinity to linoleic acid as AtPUMP1 (K m =43 lM, V max =0.32 mmol H + s ÿ1 mg ÿ1 lipid; Borecký et al., 2001b) . The proton flux was unaltered in the presence of 5 mM 2-oxoglutarate. The LA-mediated H + flux was weakly inhibited by ATP (K i =15 mM, Hill coefficient 0.95) and GDP (K i =10 mM, Hill coefficient 0.98; Fig. 4B ). Taken together, the sequence homology analysis of PUMP1-6 and the functional characterization of recombinant AtPUMP5 provided strong evidence that the novel genes identified in Arabidopsis and sugarcane encode true PUMPs and not any other MACF member.
Alternative oxidase gene family
The five Arabidopsis AOx protein sequences (Saisho et al., 1997; Thirkettle-Watts et al., 2003) were used as drivers to identify AOx orthologues in the SUCEST database. Eleven SASs found as homologous to AOx were reblasted to the GenBank non-redundant database and six of them showed high identity levels (E-value <10 ÿ40 ) to known AOxs (SsAOxs for Saccharum sp. AOxs, Table 2 ). Protein sequences deduced from these SsAOxs and AtAOxs, Fig. 1 . Alignment of UCP/PUMP homologues. Six Arabidopsis and five sugarcane PUMP amino acid sequences deduced from corresponding cDNAs were aligned with 16 representatives of UCP/PUMP. Nine known M2OM/DIC were included to identify their possible orthologues. Amino acid characters: white on black, conserved residues; black on dark grey, identical residues; and black on light grey, similar residues. ETPS are shown in rectangular boxes. The new monocotyledonous AAAA motif is underlined. The accession numbers for each protein sequence are listed in the Materials and methods.
together with 36 representatives of known AOxs from plants and fungi were aligned (Fig. 5) . Phylogenetic analysis (Fig. 2B) showed that four putative SsAOxs (Table 2) together with AtAOx1a-1c were grouped within AOx1 type groups (Fig. 2B , group I and II) but not with AOx2 (Fig. 2B , group III), in agreement with recently published results (Considine et al., 2002) showing that monocots lack AOx2 genes. Interestingly, AtAOx1d together with LeAOx1b and PtPtAOx1b formed a new branch, suggesting the existence of a third AOx type: AOx3 (Fig. 2B, group IV) . EST datasets have been used recently to extract information on gene expression levels (Mekhedov et al., 2000) . The rationale of the so-called 'digital mRNA expression profiling' is that the number of EST sequences representing a given mRNA obtained from a cDNA library is proportional to the abundance of this mRNA species in the tissue originally used to make the library (Audic and Claverie, 1997) . However, some precautions need to be implemented to prevent potentially misleading gene expression results. First, records of individual EST sequences were individually inspected and clone IDs were retrieved and displayed in a catalogue, such that EST sequences obtained from opposite ends of the same cDNA clone were counted as one. Second, only non-normalized sugarcane and Arabidopsis EST collections were used for this analysis. Therefore, the expression profiling of members of the PUMP and AOx gene families in several tissues and/or organs of sugarcane and Arabidopsis was assessed using the information available in the SUCEST and TIGR Arabidopsis EST databases. ESTs representing three respiratory chain genes (ATP synthase, Complex I, and Complex IV subunits) in both species were found in most cDNA pools analysed, suggesting that these libraries are representative of the mitochondrial-nuclear transcriptome (Fig. 6A, B) . The results showed that SsPUMP1 transcripts were detected only in floral organs whereas those of SsPUMP3 were found only in stems (Fig. 6A) . SsPUMP2 was expressed in most tissues, but preferentially in the meristem and roots. SsPUMP4 and SsPUMP5 were more abundant in stems, leaves, and plantlet inoculated with endophytic bacteria pools ( Fig. 6A ; Vettore et al., 2003) .
In sugarcane, the expression of AOx genes attained much lower levels than the expression of PUMP genes. In general, AOx gene expression was observed preferentially in non-green tissues, in contrast to SsPUMPs (Fig. 6A) . ESTs of SsAOx1a and SsAOx1b were found in roots, while SsAOx1c was present in the stem and meristem. SsAOx1d was expressed only in leaves (Fig. 6A) .
Interestingly, transcripts of all Arabidopsis PUMPs were detected in roots, but were undetectable in floral organs; no AtPUMP6 expression was detected in any tissue/organ (Fig. 6B) , suggesting that it could be a pseudogene or expressing in very low levels. AtPUMP1 was expressed in several tissues, in agreement with the results of Maia et al. (1998) . AtPUMP2 was detected in roots and green siliques, whereas AtPUMP3 expression was found only in roots (Fig. 6B) . AtPUMP4 showed high levels of expression in roots and seeds, whereas AtPUMP5 expressed predominantly in above-ground organs and roots, and less in green siliques. AtAOx1a expression was observed in above-ground organs and AtAOx1c was detected only in floral organs (Fig. 6B) . As with sugarcane, the Arabidopsis AOx genes showed extremely low overall levels of expression when compared with AtPUMPs.
Although the digital prediction of tissue-specific expression can provide clues that may improve our understanding of the function of these proteins, it should be noted that the procedures used to construct the cDNA libraries in largescale EST projects could undermine subsequent expression profile analysis (Koo and Ohlrogge, 2002) . Thus, digital expression profile analysis should be validated experimentally, using methods such as RNA gel-blots and/or reverse transcription-PCR. Thus, the expression of two SsPUMPs (SsPUMP2 and 4), and two SsAOxs (SsAOx1a and 1d) was analysed using RNA gel-blots. Figure 6C shows that SsPUMP2 was expressed preferentially in roots, while only traces of its transcript were found in flowers, leaves, and stems. RNA gel-blots of SsPUMP4 indicated a high level of expression in non-reproductive tissues, especially in leaves and roots. SsAOx1a was expressed at very low levels in all tissues except flowers, whereas SsAOx1d was undetectable in all of the tissues analysed (Fig. 6C) . These results indicated that, generally, the RNA gel-blots agreed with the results obtained by digital mRNA expression profiling analysis.
A semi-quantitative RT-PCR was employed to analyse the expression of two novel AtPUMPs (AtPUMP4 and AtPUMP5) and two already known AtAOxs (AtAOx1b and AtAOx1d) because of the low EST frequency of AtAOxs in the library pools analysed (Fig. 6B) . AtAOx genes were included in the analysis for comparison of expression patterns of AtPUMPs and AtAOx under the same experimental conditions. The results of RT-PCR demonstrated that AtPUMP4-5 were ubiquitously expressed in leaves, floral organs, and roots at considerably high levels. AtAOx1b transcripts were detected only in floral organs at very low levels whereas AtAOx1d was expressed in all three organs, although the expression in roots was low (Fig. 6D) . The discrepancies observed between 'digital mRNA expression profiling' and semi-quantitative RT-PCR might be the result of different development stages of the tissues/ organs used in both analyses, since these genes were reported to be temporally modulated (Finnegan et al., 1997) . Despite of these differences, the Arabidopsis AOx genes showed extremely low overall levels of expression when compared with AtPUMPs, analogously to sugarcane PUMP and AOx genes.
PUMP and AOx expression profiles in response to chilling stress RNA gel-blots revealed that SsPUMP2 transcript accumulation was unaltered when sugarcane plantlets were http://jxb.oxfordjournals.org/ Fig. 5 . Alignment of alternative oxidase homologues. Five Arabidopsis and four sugarcane AOx amino acid sequences deduced from corresponding cDNAs were aligned with selected known plant and fungi AOx1 and AOx2 types. Amino acid character: white on black, conserved residues; black on dark grey, identical residues; and black on light grey, similar residues. The accession numbers for each protein sequence are given in the Materials and methods.
submitted to chilling stress (4 8C) for up to 48 h (Fig. 7A ). SsPUMP1 and SsPUMP3 were undetectable during chilling treatment suggesting that these genes are not induced by low temperature (data not shown). By contrast, SsPUMP4 and SsPUMP5 were strongly induced, with the transcript levels of both reaching a maximum level after 48 h at 4 8C (Fig. 7A) . The level of SsAOx1a transcripts was unaffected by chilling stress, whereas SsAOx1c was slightly induced after 6 h at 4 8C, and returned to basal levels after 12 h (Fig. 7A) . By contrast, SsAOx1b and -1d transcripts were undetectable in plantlets exposed to cold (data not shown).
AtPUMP1 has already been described as being chillinginducible . Therefore the accumulation of transcripts of the other AtPUMPs identified in this work was analysed. As shown in Fig. 7B , AtPUMP2 was not induced by chilling treatment, in agreement with the findings of Watanabe et al. (1999) . AtPUMP3 also appeared not to be regulated by low temperature (Fig. 7B) . By (A, B) The top panels show PUMP ESTs; the middle panels show AOx ESTs; and the bottom panels show ESTs of the nuclear-coded subunits of respiratory chain complexes I (CI) and IV (CIV), and of the ATP-synthase of both plant species. Sugarcane EST library pools: IL, plants inoculated with endophytic bacteria; M, meristem; F, flowers; L, leaves; R, roots; S, seeds; ST, stem. Arabidopsis EST library pools: A, above-ground organs; R, roots; F, flowers; G, green siliques; S, seeds. (C) Total RNA isolated from sugarcane organs was subjected to RNA-blot analysis using probes prepared from full-length cDNAs for SsPUMP2, SsPUMP4, SsAOx1a, and SsAOx1d. L, leaves; ST, stem; R, roots; F, flowers. (D) Total RNA isolated from Arabidopsis organs was subjected to semi-quantitative RT-PCR analysis using specific primers for AtPUMP4, AtPUMP5, AtAOx1b, and AtAOx1d. L, leaves; F, flowers; and R, roots.
contrast, AtPUMP4 and AtPUMP5 were strongly induced after 3 h of cold treatment, and returned to basal levels after a 12 h exposure to low temperature (Fig. 7B) . Although their expression profiles were similar, the levels of transcript accumulation for both AtPUMPs were different (Fig. 7B) . Finally, AtPUMP6 transcripts were undetectable throughout the entire exposure to cold (data not shown). Figure 7B also illustrates the AtAOxs gene expression in response to low temperature. Under chilling stress, the mRNA levels of AtOx1a increased with time to reach a maximum level after 48 h at 4 8C (Fig. 7B) . However, the accumulation of AtAOx1b and -1c transcripts was undetectable throughout the exposure to cold (data not shown). Surprisingly, AtAOx1d, a recently described member of the Arabidopsis AOx gene family (Considine et al. 2002) , was clearly down-regulated after exposure to low temperature (Fig. 7B) , indicating a possibly different role for this AOx gene in the response to cold stress. Finally, AtAOx2 showed very low levels of transcript accumulation, and was not responsive to chilling stress, in agreement with the results reported by Considine et al. (2002) .
Discussion
Identification and tissue-enriched expression profiles of PUMP and AOx gene families in sugarcane and Arabidopsis
The biochemical and physiological roles of PUMP and AOx energy-dissipating systems in plants have been extensively discussed Almeida et al., 1999; Jarmuszkiewicz et al., 2000; Sluse and Jarmuszkiewicz, 2000) . Both systems can play a similar role in mitochondrial energy-linked processes, either through tissue-specific thermogenesis and/or the maintenance of tissue temperature, or by protecting plant cells against oxidative stress and/or tuning the mitochondrial Dl H + across inner mitochondrial membrane (Meeuse, 1975; Day et al., 1980; Borecký et al., 2001a) .
This report describes probably the whole family of PUMP-encoding genes present in dicot Arabidopsis and in monocot sugarcane. In Arabidopsis, besides AtPUMP1 , AtPUMP2 (Watanabe et al., 1999) , and a putative plant uncoupling protein gene (AtUCP4) reported by Hanák and Ježek (2001) and classified here as AtPUMP3, three new members, AtPUMP4, AtPUMP5, and AtPUMP6, were identified (Table 1 ). The location of AtPUMP1, AtPUMP2, AtPUMP4, and AtPUMP5 within or close to duplicated regions of the Arabidopsis genome (Blanc et al., 2000) and the gene structure similarities among pairs of the family members suggest these genes originated through gene duplication events (Fig. 3A) . These observations are in keeping with the phylogenetic subfamilies defined in Fig. 2A , corroborating the existence of three distinct groups of PUMPs.
The five AtPUMP orthologues were also identified in sugarcane and named as SsPUMP1, SsPUMP2, SsPUMP3, SsPUMP4, and SsPUMP5 (Table 2 ). The amino acid sequences deduced from all of the identified genes exhibited the structural features of uncoupling proteins Fig. 7 . Chilling-regulated transcript accumulation of PUMPs and AOxs in sugarcane (A) and Arabidopsis (B). Total RNA from the leaves of chillingtreated and untreated plantlets colleted after 0, 3 (Arabidopsis only), 6, 12, 24, and 48 h at 4 8C was subjected to RNA-blot analysis using probes prepared from full-length cDNAs for SsPUMPs and SsAOxs (A), or AtPUMPs and AtAOxs (B).
( Table 3 ). The major feature of PUMPs, the presence of three ETPS , was conserved in all novel PUMP isoforms. In addition, PUMPs were clearly distinguished in specific branches of the phylogenetic trees when analysed together with other members of the MACF family ( Fig. 2A) . In general, type 1 and 2 PUMPs from both Arabidopsis and sugarcane are homologous to the animal UCPs belonging to types 1, 2, and 3 while type 3 PUMPs are similar to UCP4, and PUMPs of type 4, 5, and 6 formed a distinct PUMP group, analogous to the group formed by the UCP5 members ( Fig. 2A) . Millar and Heazlewood (2003) and Picault et al. (2004) classified as putative DICs the two Arabidopsis DNA clones, At4g24570 and At2g22500, that have been identified here as AtPUMP4 and AtPUMP5, respectively ( Table  1) . The results presented here showed clearly that these genes had the conserved specific motifs characteristic of PUMPs ( Fig. 1 ; Borecký et al., 2001a) . In addition, these proteins conserved the sequence of UCP-specific motifs proposed previously (Ježek and Urbánková, 2000) in a high degree. The two substitutions of the negatively charged amino acids for Gly or Gln do not contradict the proposed involvement of these signatures in fatty acid anion binding and translocation (Ježek and Urbánková, 2000) . In addition, the M2OM/DIC-specific motif found in all M2OM including AtM2OM and SsM2OM was absent in all new PUMPs. This feature provides strong support that PUMP3-6 are true uncoupling proteins. The functional analysis of reconstituted recombinant AtPUMP5 revealed that this novel PUMP mediated linoleic acid-dependent H + flux (Fig. 4A) . Kinetic analysis of linoleic-acid activation of AtPUMP5-mediated H + flux showed that the affinity of AtPUMP5 to this acid was similar to AtPUMP1 (Borecký et al., 2001b) . The AtPUMP5-mediated proton flux was unaltered in the presence of 5 mM 2-oxoglutarate strengthening the suggestion that this protein is a true PUMP and not an M2OM. The LA-mediated H + flux was weakly sensitive to ATP and GDP ( Fig. 4B ) with inhibitory constants in the proposed physiological range (2-15 mM for ATP; Jarmuszkiewicz et al., 2004) . However, the weak affinity of AtPUMP5 to purine nucleotides together with the strong induction of the AtPUMP5 gene under stress conditions (Fig. 7A) suggest that the activity of this protein is more probably regulated at the transcriptional level.
The AtAOx1 and 2 family members have been described (Considine et al., 2002; Thirkettle-Watts et al., 2003) . Data mining of the sugarcane EST database for genes encoding alternative oxidase revealed four AOx1 family members (SsAOx1a-1d). The phylogenetic analysis showed that SsAOx1a-1d and three Arabidopsis (AtAOx1a-1c) actually belonged to the AOx1 type. An orthologue for Arabidopsis AOx2 type was not found in sugarcane (Fig. 2B) . Nonetheless, to our surprise, AtAOx1d, initially classified into the AOx1 type gene family (Considine et al., 2002) , clustered with tomato AOx1b (LeAOx1b) and Populus tremula3Populus tremuloides AOx1b (PtPtAOx1b) into a discrete group (group IV, Fig. 2B ). This new group was separate from the AOx1 (Fig. 2B , groups I and II) and AOx2 groups (group III, Fig. 2B ). Thus, the existence of a new AOx family is proposed, AOx3-type that is probably present exclusively in dicotyledonous plants.
Several reports have described the complex regulation of AOx and PUMP activities on the protein level (for review see Borecký and Vercesi, 2005) . The activity of both proteins is regulated by redox state of Coenzyme Q, ROS, and FA (in the opposite direction). AOx activity also depends on concentrations of O 2 and intra-mitochondrial pyruvate and on the redox state of the mitochondrial matrix. PUMP activity is inhibited by extra-mitochondrial purine nucleotides. However, little is known about the factors that affect the transcriptional regulation of PUMPs as well as the differential regulation of the multigene family members in organ/cell-type. The existence of multiple members of the PUMP protein family suggests that these genes may be under the control of factors in a cell-, tissue-, or organspecific manner. In addition, AtAOx expression profiles were only recently investigated (Thirkettle-Watts et al., 2003) . In this report, the expression analyses of PUMPs and AOxs were performed in parallel, to evaluate their expression profiles under the same conditions. The results showed that PUMP members were generally expressed at higher levels in both plants when compared with AOx members (Fig. 6B, D) . When seeking for specific gene expression in individual tissues/organs, PUMP and AOx genes displayed very different tissue-enriched expression patterns in both plant species (Fig. 6) . In silico and experimental results suggested that AtPUMP4 and At-PUMP5 and their sugarcane counterparts are the most expressed PUMP genes, while most of the AOx family members were expressed at extremely low levels (Fig. 6) . The low abundance of AOx transcripts may reflect the low AOx activity observed in tissues of non-thermogenic plants (Finnegan et al., 1997) . However, precautions should be taken when interpreting physiological and metabolic responses based only on transcriptional profiles.
Influence of chilling stress on PUMP and AOx expression Among the SsAOx genes, only SsAOx1c responded to cold treatment, and increased the transcript level after 6 h of low temperature exposure. Chilling treatment did not induce SsAOx1a, whereas SsAOx1b and -1d were not detected at any of the time points analysed (Fig. 7A) . Although no expression was detected for some AOxs (and PUMPs as well) in both plants during chilling treatment (data not shown), the possibility exists that they may be downregulated by colder temperatures. Arabidopsis AOx1a was up-regulated during chilling stress after a 12 h exposure (Fig. 7B ). This gene is induced by antimycin A, an inhibitor of Complex III in the mitochondrial respiratory chain (Saisho et al., 1997) . Moreover, the overexpression of AOx1a in tobacco transgenic cells reduced the formation of mitochondrial ROS, suggesting a possible role for AOx in protecting plant cells against oxidative stress caused by biotic and/or abiotic stress (Maxwell et al., 1999) . Considine et al. (2002) proposed that AOxs have a housekeeping function in respiratory metabolism and a protective function during stress. Nevertheless, the unexpected down-regulation of AtAOx1d by low temperature (Fig. 7B ) might indicate an additional role for AOx proteins. AtAOx1d fell within a novel subgroup of AOx (Fig. 2B , group IV) and its very different response to chilling stress corroborate with a third type of dicot AOx (AOx3), as mentioned above in the phylogenetic analysis. In Arabidopsis, a cold-tolerant plant species, acclimation to low temperatures leads to the modulation of gene expression, including up-and down-regulation of many different genes (Fowler and Thomashow, 2002) . These authors suggested that transferring Arabidopsis from a warm to a low temperature produces 'waves' of changes in its transcriptome. It is possible that these 'waves' can differentially regulate members of a gene subfamily, such as the AOx families.
Analysis of the expression profile of the SsPUMP genes during chilling stress revealed that SsPUMP2 was not chilling-regulated (Fig. 7A) . By contrast, a strong response was observed for SsPUMP4 and SsPUMP5 after a 12 h exposition to 4 8C (Fig. 7A) . Interestingly, the EST frequency of SsPUMP4 and SsPUMP5 was elevated in EST libraries prepared from sugarcane plantlets inoculated with the nitrogen-fixing bacteria Acetobacter diazotroficans or Herbaspirillum rubrisubalbicans (Vettore et al., 2003) , suggesting that these genes may respond to biotic and abiotic stress signalling. The Arabidopsis counterparts of SsPUMP4 and SsPUMP5 were also up-regulated by exposure to low temperature, but displayed a very different transcript accumulation pattern (Fig. 7B ). Analogously to other UCPs/PUMPs (Laloi et al., 1997; Maia et al., 1998) , these proteins may be involved in reducing ROS generation during chilling stress in monocot and dicot plants.
As shown in Fig. 7 , the expression profiles of PUMP compared with the AOx genes were quite different in sugarcane and Arabidopsis, suggesting that multiple regulatory pathways were likely to be involved in PUMP and AOx gene expression. Interestingly, computational inspection of the promoter region (within a 1.0 kb region upstream of the transcription initiation site) of AtPUMP4, AtPUMP5, and AtAOx1a using PLACE (Higo et al., 1999) and PlantCARE (Lescot et al., 2002) indicated the presence of several copies of a TCTCC core sequence. This sequence is recognized by the ADR1 transcriptional factor that is involved in oxidative processes (Simon et al., 1991) and activates peroxisomal proteins (Simon et al., 1991) , which also possess ETPS (Jank et al., 1993) .
Another interesting finding was that SsPUMP4 and -5 were long-term up-regulated by chilling stress, while SsAOx1c was up-regulated transiently (Fig. 7A) . In Arabidopsis, the opposite was observed (Fig. 7B) , i.e. AtPUMP4 and AtPUMP5 were induced rapidly and transiently and AtAOx1a was long-term up-regulated after exposure to low temperature. Sugarcane, a chilling-sensitive plant species, appears not to have a complete cold-regulated signal pathway compared with Arabidopsis and other temperateclimate species (Nogueira et al., 2003) . This finding suggests that, in addition to the temporal regulation of PUMPs and AOxs within a plant species, there could also be species-dependent regulatory pathways in the response to chilling stress.
Although recent reports have already described the intricate transcriptional regulation of AOxs (ThirkettleWatts et al., 2003; Borecký and Vercesi, 2005; Dojcinovic et al., 2005) , the results of this work suggest that the members of PUMP and AOx energy-dissipating system are subject to different cell/tissue/organ or even stress-specific transcriptional regulation. As a result, plants may respond more flexibly to adverse biotic and abiotic conditions, in which oxidative stress is involved. Furthermore, the present report is aimed at enhancing knowledge of PUMP and AOx regulation with characteristics of their regulation on the transcriptional level, with emphasis on the existence of several isoforms of both PUMP and AOx. As the papers describing biochemical/physiological aspects of these proteins usually refer to 'PUMP' or 'AOx' as singular proteins, it should be noted that this result suggests that each PUMP as well as each AOx isoform may have a different role. Thus the observations of the 'PUMP' (or 'AOx') overall activity can be a result of co-operative activities of various members of the corresponding family that should be taken into account. Further genetic and corresponding functional studies on different uncoupling protein and alternative oxidase family members in various plant species are necessary to establish the true physiological roles of the isoforms of these proteins.
